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ABSTRACT 

We have studied the X-ray nuclear activity of 187 nearby (distance < 15 Mpc) galaxies 
observed with Chandra/ AGIS. We found that 86 of them have a point-like X-ray core, consistent 
with an accreting BH. We argue that the majority of them are nuclear BHs, rather than X-ray 
binaries. The fraction of galaxies with an X-ray detected nuclear BH is higher (« 60 per cent) 
for ellipticals and early-type spirals (E to Sb), and lower (w 30 per cent) for late-type spirals (Sc 
to Sm). There is no preferential association of X-ray cores with the presence of a large-scale bar; 
in fact, strongly barred galaxies appear to have slighly lower detection fraction and luminosity 
for their nuclear X-ray sources, compared with non-barred or weakly barred galaxies of similar 
Hubble types. The cumulative luminosiy distribution of the nuclear sources in the 0.3-8 keV band 
is a power-law with slope « —0.5, from sa 2 x 10'^^ erg s~^ to « 10^^ erg s~^. The Eddington ratio 
is lower for ellipticals (ix/^Edd ^ 10^^) and higher for late-type spirals (up to £x/-^Edd ^ 10^''), 
but in all cases, the accretion rate is low enough to be in the radiatively-inefficient regime. The 
intrinsic absorbing column density is generally low, especially for the less luminous sources: there 
appear to be no Type-2 nuclear BHs at luminosities < 10'^^ erg s^^. The lack of a dusty torus or 
of other sources of intrinsic absorption (e.g., an optically-thick disk wind) may be directly related 
to the lack of a standard accretion disk around those faint nuclear BHs. The fraction of obscured 
sources increases with the nuclear BH luminosity: two thirds of the sources with Lx > 10**° erg 
s~^ have a fitted column density > 10^^ cm~^. This is contrary to the declining trend of the 
obscured fraction with increasing luminosities, observed in more luminous AGN and quasars. 

Subject headings: X-rays: galaxies — galaxies: nuclei — galaxies: statistics — galaxies: active 



1. INTRODUCTION 

Supermassive black holes (BHs) are now be- 
lieved to exist in all massive galaxies with a 
spheroidal compoii e nt ([Magorrian et al. 19981 : 
Merritt fc Ferraresd l2001bt iKormendvl \2004]. 
Low-mass galaxies tend to harbour a nuclear 
star cluster, whose mass is also related to the 



20061) 



mass of the spheroidal component (jFerrarese et al 
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BHs have also been identified ( Seth et al. 


2008 
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FiliDDenko & H0II2OO3 


: Jimenez-Bailon et al. 


2005 




Greene & Holl2004l 2007: Done et al.l2007l Greene et al. 


2008). Thus, it is still a topic of active investiga 





tion whether there is a mass threshold between 
spiral galaxies containing a nuclear BH or a nu- 
clear star cluster, to what extent they coexist, 
and what the mass relation is between the two 
nuclear systems when they are both present. It 
is also still debated whether there is a Hubble- 
type threshold for the presence of a nuclear BH, 
that is whether late-type spiral galaxies without a 
spheroidal component can have nuclear BHs, and 
if so, whether the BH formation mechanisms and 
growth processes are different fr om those of nu- 
clear BHs in massive spher oidals ( Seth et al]|2008l: 
Wang & Kauffmannll2008h . 
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The main difficulty in resolving these questions 
is determining which galaxies host nuclear BHs. 
In particular, kinematic mass determinations re- 
quire prohibitively high spatial resolution at the 
low-mass end. When a kinematic mass deter- 
mination of the central dark mass is not avail- 
able (i.e., in all but a few cases), the strongest 
evidence of the presence of a nuclear BH comes 
from its accretion- powered activity (Sal peter 1963; 
Lvnden-Belll969t ). AGN activity can be identified 
either from an emission- line optical/UV spectrum 
from the nuclear region, or from a point-like X-ray 
nuclear source, or from a flat-spectrum radio core; 
surveys in different bands lead to different selec- 
tion biases. Statistical studies of the AGN popu- 
lation provide direct information on what fraction 
and what types of galaxies contain a nuclear BH, 
and indirect constraints on their masses and ac- 
cretion rates. 

Optical spe ctroscopic studie s such as the Palo- 
mar Survey (IHo et all Il997alfbh and the Sloan 
Digital Sk y Survey (|Hao et al. 1 l2005al) suggest 
(|HoI I2OO8I ) that ~ 10% of nearby galaxies are 
Seyferts, !=a 20% are "pure" Low-Ionization Nu- 
clear Emission- line Regions (LINERs), and an- 
other m 10% are "transition objects" whose spec- 
tra are intermediate between those of pure LIN- 
ERs and Hll regions ( Heckmanlll980[ ) . This means 
that overall, at least 4/10 of nearby galaxies con- 
tain a currently active nuclear BH. This is only a 
lower limit to the population of currently active 
nuclear BHs: another 40% of galaxies have an 
emission-line nucleus (Hll nucleus). Hll nuclei are 
powered by a compact star-forming region, but in 
some cases they may also harbour a weakly accret- 
ing BH. Optical surveys also show that Seyferts, 
LINERs and transition objects are mostly found 
in early-type galaxies: « 60% of E to Sb galaxies 
have such nuclear signatures; conversely, almost 
all late-type disk galaxies are dominated by Hll 
nuclei, and < 20% of them have evidence of an 
accreting nuclear BH (Ho 2008). Thus, it is more 
difficult to obtain reliable BH demographics in 
late-type galaxies (containing smaller BHs) us- 
ing optical spectroscopy, due to confusion from 
star formatio n. Spitzer's rnid-inf rared spectro- 
scopic studies (jSatvapal et al.ll2008l ) have recently 
proved more effective at finding nuclear BHs in 
late-type galaxies, with an AGN detection rate 
possibly 4 times larger than suggested by optical 



spectroscopic observations. 

Radio-band surveys are not yet as complete 
or as sensitive as the Palomar or Sloan op- 



tical surveys. 
VLA surveys 



Nonetheless, arcsec-resolution 



at 5 GHz (IWrobel fc Heeschen 



I991I). 8.4 GHz dNagar et all I2OO5I) and 15 GHz 



(jFilho. Barthel fc Hd 120061 ) have confirmed the 
presence of AGN signatures (non-thermal radio 
cores) in « 30-40% of early- type galaxies, mostly 
Seyferts and LINERs. The radio emission in LIN- 
ERs is mainly confined to a compact core or the 
base of a jet (sub-arcsec size); Seyferts are more 
often accomp anied by extended (arcsec-size) jet- 
like features (jNagar et al. Iliooi). Somewhat in 
contrast with the optical classification, radio de- 
tections of compact cores in transition objects are 
much rarer; this suggests that perhaps ~ 50% of 
transition objects are not AGN. 

X-ray surveys are an under-utilized and very 
promising tool to further our understanding of 
low-level nuclear activity in the local Universe. 
X-ray emission probes regions much closer to the 
accreting BH than, for example, optical emission 
lines. And a direct study of the nuclear X-ray 
source allows better constraints on its mass accre- 
tion rate and output power, stripped of the often 
messy or ambiguous optical-line phenomenology of 
the host galaxy. Sub-arcsec spatial resolution and 
astrometric accuracy are required for the study 
of low-luminosity AGN, for at least two reasons: 
to confirm that an X-ray source is point-like and 
coincident with the optical/radio nucleus; and to 
separate the point-like, nuclear X-ray source from 
the surrounding unresolved emission (mostly from 
diffuse hot gas and faint X-ray binaries) , which is 
often present in galactic cores. Only Chandra can 
provide such resolution and astrometric accuracy. 
There are still no complete, unbiased Chandra X- 
ray surveys of galaxies in the local universe, mostly 
because time-allocation constraints lead to an im- 
plicit bias towards X-ray luminous targets. How- 
ever, a number of Chandra studies have targeted 
a sizeable fraction of nearby LINERs (about ha lf 
of the LINERs in the Palomar survey; 'h3 jlooi)). 
They have confirmed that most LINERs and tran- 
sition ob jects contain an X-ray luminous, accret 



BH f Satvap al et all 12 004: 'Pudik et al.' l2005t 



Pellegrini 2005: .Satvapal et al. 2005 : Flohic et al 



2006l : lGonzalez-Martfn et al.ll2006h . More specif 



ically, « 75% of LINERs have an X-ray nucleus. 
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and this fraction goes to 100% for the subsampl e of 
LINE Rs that also have a detected radio core (jHo 
POOSI ) and references therein). In such Chandra 
studies, the typical detection limit for point-like 
nuclear X-ray sources is ~ 10'^^ erg s~^. This is di- 
rectly comparable to the detection limit of nuclear 
Ha emission in the Palomar survey, ^ 10^^ erg 
s~^, b ecause, in typical Seyferts, Lx ~ IOLhq flid 



20081 ). For such low- luminosity AGN, radio and X- 
ray studies are in principle less affected by contam- 
ination from possible surrounding star-forming re- 
gions than studies based on photoionized Ha emis- 
sion. It is still not known whether or what fraction 
of Hll nuclei in late-type spirals also have an X- 
ray active nuclear BH, and whether there is any 
correlation with the presence and s trength of a 



large - scale bar. Pioneering studies (jGhosh et al 



20081 : iDesroches fc Hoi l2009l ) suggest that a few 
nearby late-type spirals with an optically-classified 
Hll nucleus may harbour a low-luminosity AGN 
with Lx ~ a few 10'^^ erg s~^. The drawback of 
X-ray studies is that at such low luminosities, it 
becomes extremely difficult to determine for any 
individual galaxy whether the nuclear source is the 
accreting supermassive BH or an unrelated X-ray 
binary in the dense nuclear region or in a nuclear 
star cluster. 

X-ray surveys, in combination with other 
bands, can do more than just refine our sta- 
tistical census of active nuclei across the Hub- 
ble sequence: they can be used to obtain a 
physical understanding of the process of accre- 
tion across the whole range of mass accretion 
rates. A fundamental issue that deserves inves- 
tigation is whether there is a continuous distri- 
bution of nuclear X-ray activity from the most 
luminous quasars (Lboi ^ ^Edd) to run-of-the- 
mill Seyferts (Lboi (10-*-10-2)LEdd), LIN- 
ERs (Lboi (10~^-10~'')LEdd) transition objects 
(-^boi (10~''-10~^)ivEdd) all the way down to 
"quiescent" galactic nuclei such as the BH in 
the Milky Way or in nearby elliptical galaxies 
{Lhoi ^ 10~^iEdd); or, instead, whether there is a 
series of clear thresholds along this sequence, cor- 
responding to fundamental changes in the accre- 
tion mode and inflow structure. Such transitions 
may or may not coincide with the "canonical" 
accretion states found in stellar-mass BHs. More- 
over, thresholds in the X-ray properties may or 
may not coincide with optically-classified classes 



of AGN. 

One such physical transition may be between 
accreting BHs with and without an optically-thick 
accretion disk. The presence or absence of disk sig- 
natures such as Compton reflection and a broad Fe 
line in the X-ray spectra can provide strong con- 
straints, in parallel with the presence or absence 
of a UV bump in the spectral energy distribution. 
It was suggested (Ho 2008) that the disappear- 
ance of the inner disk marks the transition be- 
tween Seyferts and LINERs. A related issue yet to 
be properly understood in low-luminosity AGN is 
the redistribution of the accretion power between 
a radiative component (UV/X-rays), a mechanical 
component (radio jets) and an advected compo- 
nent; AGN become radio louder at lower accretion 
rates, in agreeme nt with th e trend seen in Galactic 
BHs (Endcr. B cUoni fc Gallo 2004 : Merloni et al 



20031 ). Order-of-magnitude estimates of the accre- 



tion rate based on the mass-loss rate from evolved 
stars and the gravitational capture rate of hot 
gas from the interstellar medium typically lead to 
large overestimates of the nuclear BH luminos ity, 
espec ially in LINERs and transition objects (jHo 
20081) . Therefore, such objects are an ideal test 



for radiatively inefficient accretion models such as 
Advection-Dominated Accretion Flows (ADAF) 
or Radiatively Ineffic i ent Accretion Flows (RIAF) 
('Naravan & Yi' 'l995; 'Ouatae rt fc NaravanI [l999t 
Narayan 2002; Yuan & Nar avanI l20oi K X-ray 
studies also allow quantitative comparisons be- 
tween the amount of gas that is used for star for- 
mation in the nuclear region of late- type spirals, 
and that used for fuelling a possible accreting BH 
(or an upper limit to that accretion rate) , and how 
this ratio depends on Hubble type and bar struc- 
ture. 

Another physical problem that can be ad- 
dressed with X-ray surveys is t he validity of the 
unified model (jAntonuccil [l993l ) at low accretion 
rates and low luminosities (Lx ^ lO^^-lO**^ erg 
s~^). The standard unified model is based on the 
presence of a geometrically and optically thick 
parsec-scale structure ( "dusty torus" ) that blocks 
our direct view of the innermost disk in high- 
inclination sources (Type-2 AGN). The nature and 
physical structure of the obscuring material is still 
controversial. In alternative to the parsec-scale 
torus scenario, it was suggested that the absorp- 
tion could instead be due to an optically-thick disk 
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wind, launched from a few 100 Schwarzschild radii 



20041 : iMurrav et al.lflQQSl : 



Elvi s et al 

iMurrav fc Chiang 1 1998( 1. X-ray spectral surveys 
of low-luminosity AGN are crucial to determine 
whether the thick absorber disappears along with 
the disk signatures (which would point to an in- 
timate connection between the two components), 
and at what luminosities. We already know that 
there are no dusty tori around extremely faint 
BHs such as the one in our Galaxy. Chandra and 
XMM-Newton studies show low absorbing column 
densities and weak or undetected narrow Fe Ka 
emission in a large fraction of nearby LINERs, 
which suggests a direct, unobstructed view of the 
nucle us (iH o 2008). In contrast, strong Fe Ka emis- 
sion (jCappi et al.l I2006h and a nea rly continuous 



distribution of absorbing columns (jPanessa et al 



20061 ) suggest that Seyferts are more gas-rich than 
LINERs. 

To address those issues, we have collected and 
analyzed the archival Chandra data available for 
nearby galaxies (see Section 2 for the selection cri- 
teria of our sample). In this paper, we present 
preliminary results of our X-ray population study, 
focussing in particular on the luminosity distri- 
bution and on the dependence of the absorbing 
column density on the nuclear luminosity. 
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Fig. 1. — Our X-ray classification of the nuclear 
regions (see also Table 1), based on the Chan- 
dra/ ACIS images: I ~ dominant point-like X-ray 
nucleus; II = point-like nuclear source embedded 
in diffuse or unresolved emission (from hot gas and 
fainter X-ray binaries); III — diffuse X-ray emis- 
sion without a clearly-idenfied point-like core; IV 
= no detectable X-ray emission at the nuclear po- 
sition. 



2. SAMPLE SELECTION 

In general, we have two choices when selecting 
a sample of nearby galaxies for X-ray population 
studies of their nuclei. We can select all targets 
observed by Chandra within a certain distance or 
flux detection limit; this sample will probably be 
biased in favour of X-ray luminous galaxies (or 
galaxies with starbursts, or with some other X-ray 
peculiarities), which are more likely to be selected 
as targets. Alternatively, we may select a limited 
sub-sample of such targets, which may be regarded 
as complete (or at least unbiased) according to 
some optical criteria. 

For our work, we have started from an op- 
tically/IR se l ected sample previously used by 
Swartz et aP (|2008h and Swartz et al. (2009, in 
prep.) for a statistical X-ray study of ultralumi- 
nous X-ray sources (ULXs) population. This sam- 
ple is defined as a volume-limited set of galaxies 
within 14.5 Mpc that are both c ontaine d in th e 
Uppsala Galaxy Catalog (UGC; iNilsonI ^97^)) 



with photographic magnitude rUp < 14.5 mag, 
and in th e Infrared Astronomical Satellite (IRAS) 
catal ogs ( Fullmer fc Londsdaldl 19891 : Moshir et al 



19931 ) with a flux /fir > lO'^^-^ erg cm'^ s-\ 
3. 25560 + 1.26S'ioo erg cm^^ 



wher e /fir/ 10" 

s~ ( Rice et al. I ll988l) . Here 5*60 and Siqq are 



the total flux densities, expressed in Jy, at 60 
and 100 fj,m. respectively. The IRAS catalogs are 
complete to approximately 1.5 Jy for point-like 
sources. The UGC contains all galaxies north of 
B1950 S = -2°30'. This combined selection cri- 
teria favor nearby, predominantly optically-bright 
galaxies with at least a modest amount of re- 
cent star formation. The sample is known to ex- 
clude smaller dwar f galaxies in the neighborhood 
( Swartz et al. I l2008h . Most ellipticals would be in- 
cluded by the selection criteria; however, there are 
not many Northern-hemisphere nearby ellipticals 
(this bias is further discussed in Swartz et al. 2009, 
in prep.). There are 140 galaxies in this complete 
sample. However, only 116 have been observed 
with Chandra; the rest only have XMM-Newton 
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and ROSAT data,, which are less suitable for our 
study due to their larger point-spread- functions. 
Nonetheless, we estimate that the bias introduced 
by the lack of Chandra coverage for those 24 galax- 
ies out of 140 is minimal. Henceforth, we will refer 
to this subsample of 116 galaxies as the optical/IR 
sample, for simplicity. The morphological classifi- 
cation of those 116 galaxies is: 3% ellipticals; 44% 
early- type spirals (SO through Sb); 42% late- type 
spirals (Sc through Sm); 11% dwarfs/irregulars. 
The optical line classification is: 9% Seyfert; 11% 
LINERs; 11% transition objects; 29% Hll nuclei; 
40% unknown. 

We have then used a larger sample, defined 
by Liu (2009, in prep.): it includes all Chan- 
dra/AClS targets within 15 Mpc, contained in 
the Third Reference Catalog of Galaxies (RC3; 
Ide Vaucouleurs et which is complete for 

nearby galaxies having apparent diameters > 1' at 
the D25 isophotal level and total B-band mag- 
nitudes TUB < 15.5 mag, in both the Northern 
and Southern sky. We have taken all the Chan- 
dra/ ACIS targets within this sample (as of the end 
of 2007); the exposure times range from 500 s to 
120 ks. This selection adds another 71 galaxies 
to those already contained in the optical/IR sam- 
ple. The Liu sample is slightly biased in favour 
of the brighter and larger galaxies, as expected; 
it is essentially an X-ray selected sample, because 
only 10 per cent of the RGB galaxies have been 
Chandra targets. From the morphological point 
of view, the Liu sample has an overabundance 
of early-type spirals, which somewhat compen- 
sates the bias of the optical/IR sample in favour 
of late-type galaxies; moreover, it includes a few 
Southern-hemisphere ellipticals, lacking from the 
optical/IR sample. 

In summary, there are altogether 187 nearby 
galaxies with publicly- available Chandra observa- 
tions (as of December 2007) included either in 
the optically/IR-selected sample or in the X-ray- 
selected sample, within 15 Mpc (full list in Ta- 
ble 10 More than half (104/187) of those galax- 
ies are also included in the optical Palomar sam- 
ple. The morphological classification of those 187 
galaxies is: 8% ellipticals; 43% early-type spirals 



(SO through Sb); 36% late- type spirals (Sc through 
Sm); 13% dwarfs/irregulars. The optical line clas- 
sification is: 8% Seyfert; 11% LINERs; 10% tran- 
sition objects; 40% HlI nuclei; 31% unknown. For 
simplicity, we will call this sample of 187 galaxies 
the "extended sample" . 

3. DATA ANALYSIS AND RESULTS 

For each of the 187 Chandra target galaxies 
in our extended sample, we searched for a point- 
like X-ray source at or close to the nuclear po- 
sition. For the nuclear coordinates, we generally 
referred to the positions listed in the NASA/IPAG 
Extragalactic Database (NEE0). In most cases, 
they come from t he Two Micron AH S ky Survey 
(2MASS) catalog (jSkrutskie et al.l2006l) : the semi- 
major axes of the 95% confidence ellipse vary be- 
tween Ri I'.'O and 1'.'5. In a few cases, the NED 
positions come from the Sloan Digital Sky Survey 
Data Release (semi- major axes « 0'.'5), or from 
VLA radio observations (for example in the case 
of NGG4203, with semi-major axes « O'.'l). 

We used the Chandra Interactive Analysis of 
Observations software (CIAO) V4.1 for filtering 
and analyzing the event files. For each Chandra 
observation, we checked and screened out expo- 
sure intervals corresponding to background fiares. 
We used the standard task wavdetect to identify 
sources in the nuclear region of each galaxy. The 
morphologies of the nuclear regions in the Chan- 
dra images can be loosely grouped into four classes 
(Figure 1): (I) a dominant nuclear source; (II) a 
nuclear source embedded in extended, unresolved 
emission; (III) unresolved emission in the nuclear 
region but no point-like source; (IV) no nuclear 
source at alfl. Eighty-six of the 187 galaxies 
in our sample belong to class I and II, that is 
have a point-like X-ray source within 1" of the 
independently-identified nuclear position (details 
in Section 3.1). For all the nuclear sources, we ex- 
tracted spectra (in the 0.3-8 keV band) from cir- 
cular regions of radius 1'.'5 (which include « 90% 
of the counts), and corresponding background and 
response files using the C IAO task psex tract. We 
used XSPEC Version 12.1 (|Arnaudlll996l ) for spec- 



^We excluded M 31- Andromeda from the sample. Its nu- 
clear BH has a .3—8 keV luminosity 10^® erg s~^ 
dGarcia et al.l2005f) ; this would be below the detection limit 
for all other galaxies in our sample. 



^ http : / / nedwww .ipac.caltech.edu/ 
■^http:/ /www. sdss.org/dr6 

*This classification is reminiscent of, b ut not identical to the 
X-ray morphological classification in lHo et al.l ll200ll) . 
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tral m odelling:. We used the Cash statistics (jCash 
I979I ) for sources with < 200 counts, and the 
statistics (with suitably binned data) in the other 
cases. In addition, some galaxies have been the 
target of detailed Chandra studies in the litera- 
ture: in those cases, we have used their spectral 
results to complement our analysis. 

3.1. Census of nuclear X-ray sources 

For the optical/IR sample, w 50 per cent (27 
out of 53) of early-type galaxies (Hubble types E 
to Sb) have a point-like nuclear X-ray core (Table 
2). By contrast, this proportion drops to ~ 30 per 
cent (20 out of 63) for later Hubble types (Sc to Sm 
and Irr). Most Seyferts (7 out of 9) and LINERs 
(12 out of 13) have a detected X-ray nucleus; this 
proportion drops to less than half for transition 
objects (5 out of 12) and Hll nuclei (16 out of 46). 

For the extended sample, « 60 per cent (57 out 
of 94) of early type galaxies have an X-ray nucleus, 
but only « 30 per cent (29 out of 93) of later Hub- 
ble types. More than 90 per cent (33 out of 36) of 
Seyferts and LINERs are X-ray detected, while an 
X-ray core is found in w 60 per cent of transition 
objects (12 out of 20) and « 30 per cent of Hll 
nuclei (18 out of 54). Thus, the optical/IR sample 
and the extended sample are consistent with each 
other. 

The numbers above are roughly consistent with 
the AGN fraction inferred from optical spectro- 
scopic studies (jllol I2OO8I ) in early-type (« 50-70 
per cent) and late-type (~ 15 per cent) galaxies 
respectively. There is a slight overabundance of X- 
ray core detections in late-type spirals compared 
with the optical AGN fraction i n the Palomar sam - 
ple, and with the estimates of iHao et al. I (|2005bl) 
from the Sloan Digital Sky Survey (based on Ha 
and [OIII] emission lines). This might be due to 
contamination from high-mass X-ray binaries, but 
we do not think this is a very significant effect (see 
Section 3.3). It is more likely due to the negligi- 
ble effect, through heating and photo-ionization, 
that a faint X-ray core {Lx ~ lO'^^ erg s^^) would 
have on the optical/UV nuclear spectrum; as a re- 
sult, it may not appear as a n active nucleu s in the 
Palomar sample. See also iHopkins et al. I (|2009l) 



detected in the X-ray band is that optical emission 
lines from the nuclear BH may be more severely 
obscured by dust in the surrounding star-forming 
environment. 

We then searched for possible correlations be- 
tween the presence of a nuclear X-ray source and 
of a large-scale bar. In the optical/IR sample, X- 
ray cores are found in w 60 per cent of non-barred 
(SA) galaxies (21 out of 34) and weakly barred 
(SAB) galaxies (16 out of 27), and in « 20 per cent 
of strongly barred (SB) galaxies (6 out of 26). For 
the extended sample, nuclear sources are detected 
in « 60 per cent (30 out of 48) of SA, « 60 per 
cent (24 out of 41) of SAB and « 40 per cent (16 
out of 42) of SB galaxies. Part of this effect is due 
to the larger presence of early-type spirals among 
the SA and SAB classes. To remove this bias, we 
compared the effect of a bar separately within the 
early-type and late-type spiral subsamples (Table 
3). We still find a slightly higher fraction of active 
nuclei in the S A/SAB classes compared with the 
SB class. In early-type spirals, « 70 per cent of 
non-barred/weakly-barred galaxies have an active 
nucleus, compared with about half for strongly- 
barred galaxies; in late-type spirals, about half of 
non-barred/weakly-barred galaxies have an X-ray 
core, but only about 1/4 of strongly-barred galax- 
ies. This confirms that bar structures have no 
positive influence on nuclear BH feeding (•ho et al 



for a discussion of how optical surveys may miss 
low-luminosity AGN, or erroneously classify them 
as optically-obscured, because of dilution effects. 
Another reason why nuclear activity is more often 



1997d; Sakamot o et al,.1999 ). If anything, there 
may be a slight anticorrelation (see also Section 4), 
but it may be still be attributed to small number 
statistics. 

3.2. Spectral modelling and luminosity 
distribution 

There are about 15 sources with « 4-10 net 
counts: these are significant detections because 
the expected positions are independently known, 
the background level is very low, and there are 
no other point-like s ources nearb y . We used the 
Bayesian method of Kraft et"al] ( 1991 ) to con- 
firm the significance of those detections. For 
sources with such a low number of counts, we fit- 
ted their spectra with a simple power-law model 
with fixed galactic absorption (no intrinsic ab- 
sorption). For other sources with more counts, 
we used an absorbed power-law model with free 
intrinsic column density iVn. A power-law with 
cold absorption generally provides a good fit for 
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Fig. 2. — Left panel: photon index distribution for the nuclear X-ray sources in the optically/IR-selected 
sample of galaxies. Right panel: photon index distribution for the extended (X-ray selected) sample. 



most of the sources. However, about 20 nuclear 
sources clearly require an additional ionized ab- 
sorber and/or an optically-thin thermal-plasma 
emission component, which we have included in 
our spectral fits. Figure 2 shows the distribution 
of the fitted photon indices for the optical/IR sam- 
ple and the extended sample. Most of the nuclear 
sources have a photon index « 1.5-2.0, which is 
the typical range for AGN. Figure 3 shows the dis- 
tribution of the intrinsic A^h for the two samples 
(which are once again consistent with each other). 
It is clear that most nuclear sources are not heav- 
ily obscured: very few of them can be classified as 
Type-2, in the unified scheme (see Section 3.4). 

We then used the fitted values of photon in- 
dex and absorption to estimate the intrinsic 0.3-8 
keV isotropic luminosities of all 86 nuclear sources 
in the extended sample (Table 4 and Figure 4). 
The cumulative luminosity distribution is consis- 
tent with a power-law with a slope of « —0.45 
above ?s 2 x 10'^* ergs s~^, which we estimate 
as the completeness limit, based on the exposure 
times and detection thresholds for the shortest ob- 
servations in our sample. Because of the different 
exposure times and distances of our galaxies, in 
addition to non-constant background levels in the 
nuclear regions, it is not meaningful to give a de- 
tection threshold for the whole sample. 



3.3. Physical identification of the nuclear 
X-ray source population 

The main problem affecting X-ray surveys of 
low-luminosity (Lx ^ 10'^^ erg s~^) nuclear BH ac- 
tivity is the possibility of confusion with X-ray bi- 
naries, in the overlapping range of luminosities. A 
typical example i s the nu c lear X-ray source in M 33 
(iGebhardt et al.l 1200X1 : lOubus. Charles fc Lonj 
20041 ). Det ailed investigations of individual galac- 
tic nuclei (jOhosh et al.l |2008| ) have highlighted 
the difficulties and ambiguities of any such iden- 
tifications. On a statistical basis, the slope and 
normalization of the cumulative luminosity dis- 
tribution in our extended sample (Figure 4) is 
also consistent with the luminosity distribution 
of a population of high-mass X-ray binaries, in a 
galaxy or ensemble of galaxies wit h a total star 
formation rate of w 25M(n yr~^ ( Grimm et al 



l2003l . Eq. 5), for which we would also expect an 
integrated Ha luminosity Lhq « 3 x 10''^ erg s"^. 
This could be a priori consistent with our sample, 
if the majority of our 187 galaxies were in the 
high- luminosity tail of the Hll nuclei distribution 
(|Ho et al.lll997cl ). However, there are a few argu- 
ments in support of a nuclear BH identification 
for the majority of our 86 nuclear X-ray sources. 

Firstly, we limited our sample to X-ray sources 
located within 1" (typically, « 30-70 pc for the 
majority of our galaxies) of the independently 
known nuclear position. When we considered the 
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Fig. 3. — Left panel: intrinsic A'h distribution for the nuclear sources in the optical/IR sample. Right panel: 
intrinsic Na distribution for the extended sample. 
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Fig. 4. — Cumulative luminosity distribution (0.3- 
8 keV band) for all the 86 nuclear X-ray sources 
in our extended sample. The completeness limit 
(estimated from the shortest exposure times in the 
survey) is w 2 x 10'^* erg s~^. A power-law fit has 
a slope d log A^/d log Lx « —0.5. 




annulus between 1" and 5" around the nuclear po- 
sition (a projected area 24 times larger), we found 
only « 50 sources, identified with the same crite- 
ria used for the 86 nuclear sources. Such a concen- 
tration of point-like X-ray sources exactly at the 
nucleus but not in its immediate surroundings is 
much cuspier than typical projected stellar den- 
sities (except when the galaxy has a nuclear star 
clusters) or densities of star formation rate. And 
the argument is even stronger if we consider that 
high-mass X-ray binaries may easily disperse over 
> 100 pc in their lifetime, owing to proper motion: 
thus, it would be even more unlikely to find most 
of them exactly at the nuclear position. 

Secondly, our cumulative luminosity distribu- 
tion is consistent with an unbroken power-law up 
to ^ erg s~^, where we run out of galaxies 
in our sample (Figure 4). Instead, the luminosity 
distribution of high-mass X-ray binaries (including 
ultraluminous X -ray sources) shows a downturn at 



10*" erg s- 



(|Grimm et al.ll2003t ISwartz et al 



20041 ). A scenario where our nuclear-source pop- 



ulation is composed of low-luminosity AGN for 
Lx ^, 10^° erg s~^ and high-mass X-ray binaries 



for Lx 5, 



erg s 
1040 



erg s 



coincidentally with the 



same normalization, appears highly contrived. 

Thirdly, the majority of the nuclear sources (57 
out of 86) are detected in the earlier-type galax- 
ies of our sample (E to Sb), that is in galax- 
ies where the nuclear region is part of a mas- 
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sive, old spheroidal component (Section 3.1). If 
the contamination from high-mass X-ray binaries 
were significant, we would expect to find more 
sources in late-type spirals. Ellipticals and mas- 
sive spheroidals do have a high stellar density in 
their cores, with old populations, so they may 
have low-mass X-ray binaries near the nuclear po- 
sition. But a significant contribution of low-mass 
X-ray binaries to our source population above 
2 X 10^® erg s~^ is also ruled out, because their 
cumulati ve luminosity d i stribution wou ld be much 
steeper ()Gilfanovl |2004 ISwartz et"al] [2004). In 
addition, we used the following argument to es- 
timate the possible contribution of low-mass X- 
ray binaries in the nuclear region of ellipticals and 
sphe roidal bulges. From surface brightness pro- 
files ([Gebhardt et al.ll2003l: [Lauer et al.lll995[ ). we 
can estimate the total luminosity and hence the 
total stellar mass of characteristic galaxy types 
within, say, I'.'S (~ 50-100 pc for our distance 
range), that is, the radius of our source extrac- 
tion region around each nuclear position. This is 
of course a function of Hubble type and galaxy 
history, among other things, but M ~ IO^Mq is 
an order-of-magnitude estimate for massive ellipti- 
cals, and a conservative upper limit for s pheroidal 
bulges . From the population studies of iGilfanov 
([20041), we expect ^ 0.02 sources with X-ray lumi- 



compact starburst nuclei. 



nosities > 2 x lO'^^ erg s~^, from an old stellar pop- 
ulation with a stellar mass ^ 10^ Mq. A similar 
estimate can be obtained di rectly from the g rowth 
curves plotted in Fig. 3 of lOilfanovl (|2004l ) for a 
sample of nearby elliptical galaxies and spheroidal 
bulges: those plots also suggest the presence of 
< 0.1 sources above 10^^ erg s~^ within 1'.'5, scaled 
to the range of distances of our sample. Since our 
main statistical results are based on sources above 
a completeness limit « 2 x 10'^* erg s""'^, the con- 
tamination of at most 2 or 3 X-ray binaries in our 
whole sample of early-type galaxies is not a signif- 
icant problem. 

Taken together, the previous arguments strongly 
support our identification of the X-ray source pop- 
ulation as active nuclear BHs — without ruling out 
the possibility of stellar-mass interlopers in some 
limited cases, such as M 33, where stellar kinemat- 



ics su ggest a BH mass < ISOOM© (jGebhardt et al 
20011 ). The distribution of X-ray photon indices 
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Fig. 5. — Correlation between Ha luminosity and 
X-ray luminosity (0.3-8 keV) from the nuclei with 
point-like X-ray emission. The Ha luminositie s 

Il997ah : 



are from the Palomar survey ()Ho et al 
open circles denote Ha measurements during non- 
photometric nights, which may be taken as lower 
limits. The observed range 1 < ix/-^Ha ^ 100 
is typical of a ccre t ing n uclear BHs ( compare also 
with Fig. 10 inE (|2008l) and Fig. 7 in lFlohic et al 
(120061 ): instead, we would expect ix/^Ha ^ 0.1 
for a compact star-forming nucleus. 

Another possibility we may consider is that 
each of our nuclear sources could instead be the 
integrated emission from many, fainter sources 
in a very compact star-forming nucleus. After 
all, many of our sample galaxies are classified as 
Hll nuclei. This scenario is already implausible 
given the predominant detection of X-ray cores 
in earlier-type galaxies, as noted earlier. But we 
can test this possibility more quantitatively by 
comparing the nuclear X-ray and Ha luminosities. 
Fifty-three of the 86 galaxies with an X-ray core in 
our sample are also inclu ded in the o ptical spectro- 
scopic Palomar survey of iHo et al.l (jl997a[ ). which 
provides nuclear Ha fluxes. Both the Ha and the 
0.3-8 keV luminosities of a star-forming region are 
proportional to the current or recent star forma- 
tion rate (assuming that it has stayed approxi- 
mately constant over the last ~ 10 M yr): Lho? ~ 
1.3 X lO-^i SFR(Mo yr-i) erg sT^ (iKennicuttI 
1998h . a nd U .^-s «^ 1.0 x 10^° SFR(Mo yr"!) 



K, 1.5-2.0 is also in the typical range for AGN, 
and rules out, for example, thermal emission from 



erg s 

io.3-8 

pact 



( Grimm et al. Eool). Thus, we expect 



O.ILhq for a starburst-dominated com- 
nucleus. Instead, we expect Lo.3-8 ~ 1~ 
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Fig. 6. — Left panel: relation between emitted X-ray luminosity and intrinsic column density. The error bars 
for TVfj come directly from spectral fitting, while we have chosen to plot only the luminosity values (inferred 
from the best-fitting parameters) without error bars. When the best-fitting value of the intrinsic Nn — > 0, 
we have arbitrarily assigned a value of 10^^ cm~^. Right panel: relation between inclination angle of the 
host galaxy and intrinsic column density. 
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Fig. 7. — Coadded spectrum for all nuclear sources 
with < 50 net counts. The spectrum is best fitted 
by an absorbed power-law with photon index T = 



l-GSto fT and Nu = 4.8^4:8 x 10^"cm 



+8.1 



25LHa for typical low-luminosity AGN (|HoII2008I: 
iFlohic et al.l 20061 ). The results for our sample 
(Figure 5) are more consistent with the AGN sce- 



nario. 



3.4. Intrinsic absorption and luminosity 

From our spectral fitting of individual sources, 
we found that the intrinsic column density A^h 
appears to be correlated with the unabsorbed X- 
ray luminosity (Figure 6, left panel): more lumi- 
nous sources tend to be more obscured, while most 
of the fainter sources are consistent with column 
densities < 10^^ cm^^, or with only line-of-sight 
Galactic absorption. There is also a dependence 
on the viewing angle of the host galaxy (Figure 
6, right panel), as expected, but it is less strong 
than the luminosity dependence. In terms of the 
unified AGN classification scheme, we found few 
or no "Type-2" nuclear BHs below an X-ray lumi- 
nosity « 10'"' erg s~^. Only < 10 per cent of the 
nuclear sources with Lx S ^ few 10^^ erg are 
obscured by a neutral column density Ah > 10^^ 
cm~^. But obscured sources represent two thirds 
(10 out of 15) of those with Lx > 10''° erg s'^ 
This apparent trend of higher absorption at higher 
luminosities is opposite to what seems to hap- 
pens in more luminous AGN, with u nabsorbed 



X-ray luminosities ^ 1 -10 erg s (jHasinger 
2008; Gilh ct al. 20071; lUeda et al.ll2003h : see also 
Hopkins et al.. (2009i) for an alternative explana- 



tion of the luminosity dependence. 

Before attempting a physical explanation for 
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Fig. 8. — Results of a MonteCarlo simulation to test a possible fitting bias in the relation between emitted 
flux and intrinsic column density (Section 3.4). Left panel: input distribution of unabsorbed fluxes and 
column densities for a simulated sample of 100 sources. The input distribution is uniform in log scale and 
uncorrelated. Right panel: distribution of the fitted fluxes and column densities for the same simulated 
spectra. The output distribution is still uniform and uncorrelated, unlike the observed distribution of the 
real sources. 



the observed trend, we need to check that it is 
not the result of observational bias. We have 
already excluded from the absorption-luminosity 
plot (Figure 6) all sources detected with < 10 
counts. One possibility might be that we lose all 
sources with TVh > 10^^ cm~^ and Lx ^ 10^^ erg 
s~^ because they would not have enough counts to 
be detected. However, using simulated X-ray data 
and spectral models, we verified that this is not the 
case: even for A^h ~ 10^^ cm~^, most sources with 
a typical photon index F « 1.7 and ix ~ 10^^ erg 
s"""^ would have enough coimts in the 2 8 kcV band 
to be detected. An alternative possibility is that 
most of the fitted values of A^h in faint sources 
have been underestimated (correspondingly, their 
photon indices and intrinsic luminosities would 
also have been underestimated). To test this sce- 
nario, we stacked the spectra of all sources with 
< 50 counts; this is roughly equivalent to stacking 
all spectra of nuclear sources with Xx ^ 10^^ erg 
(most of the galaxies in our sample are at dis- 
tances 10-15 Mpc). We then fitted the co-added 
spectrum with an absorbed power-law model; we 
obtain (Figure 7) that the best-fitting F « 1.7, 
and iVH,tot « 5 X 10^° cm~^, which is only slightly 
higher than the average Galactic absorption for 
the sources in the stacked sample. We conclude 



that the co-added spectrum confirms a very low 
intrinsic absorption for the least luminous nuclear 
BHs. 

Furthermore, we conducted a MonteCarlo sim- 
ulation to test whether the apparent absorption- 
luminosity correlation could have been spuriously 
introduced during spectral fitting (for example, 
due to an overestimate of the intrinsic luminos- 
ity for sources with higher A^h)- We assumed that 
the unabsorbed flux for a simulated sample of 100 
sources has a uniform distribution (in log scale) 
from 10"^^ to 10"^° erg cm'^ s"^ in the 0.3-8 
keV band (similar to the range of fluxes typical 
of our real sample of nuclear sources), and their 
intrinsic A^h has a uniform distribution (also in 
log scale) from 10^" to 10^^ cm^^ (Figure 8). In 
other words, we assumed no intrinsic correlation 
between luminosity and A^h- We also assumed an 
absorbed power-law spectrum with F = 1.7 for ev- 
ery source. We then fitted the simulated spectra 
(using the Cash statistics) with absorbed power- 
law models, leaving F and A'h as free parameters, 
and we estimated the unabsorbed fiuxes implied 
by the best-fitting model for each source. The 
fitted parameters do not show any correlation be- 
tween unabsorbed fluxes and A^Hj or any signifi- 
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Fig. 9. — Relation between Hubble type and in- 
trinsic column density iVn- We binned the col- 
umn density into five logarithmic ranges, and we 
grouped the galaxies into three morphological bins 
(ellipticals E, early-type spirals SO-Sb, late-type 
spirals Sc-Sm). Most of the obscured X-ray nuclei 
(A^H > 10^° cm~^) belong to early-type spirals, 
but a larger sample of galaxies is needed before 
we can determine any significant trend. 



cant bias in the inferred fluxes (Figure 8). 

We conclude that the absence of Type-2 low- 
luminosity nuclei, and the positive correlation be- 
tween intrinsic absorption and luminosity up to 
ix ~ 10^^ erg s~^ are probably real. This is oppo- 
site to the negative correlation between absorption 
and luminosity known to exist at higher luminosi- 



ties (Hasingcr 2008; GiUi et al. 2007; Ueda et al 
20031) . We also searched for a possible galaxy- 



morphology dependence of the intrinsic column 
density; for example, whether late-type spirals 
have systematically higher absorption than ellip- 
ticals. We find that all Hubble types appear dom- 
inated by unobscured sources, although the small 
number of sources in each class does not permit 
us to draw stronger conclusions (Figure 9). The 
nuclei of early-type spirals in our X-ray detected 
sample seem to be the most obscured: 15 of the 
42 nuclear sources detected in early-type spirals 
have A^H > 10^^ cm~^; only 3 of the 20 nuclear 
sources in late-type spirals, and none of the 6 el- 
liptical nuclei have TVh > 10^^ cm~^. However, 
this may still be due to small-number statistics in 
each class. A larger X-ray sample of galaxies will 



be needed, to study the Hubble-type dependence 
for a given range of luminosities and BH masses. 

3.5. Eddington ratios 

Among the 86 galaxies with an X-ray core in 
our extended sample, 31 already have a measure- 
memnt of their nuclear BH mass in the litera- 
ture, based on stellar kinematics, gas kinemat- 
ics, water masers, or reverberation mapping (see 
detailed references in Table 4). For another 31 
galaxies, stellar velocity dispersions of their cores 
are available from Hyperledcd, with typical un- 
certainties ~ 10-20 %; in those cases, w e used 
the Mbh-ct relation (jTremaine et al.l [20021 ) to es- 
timate their BH masses. For 3 other cases, only 
photometric observations are available: we con- 
strained their BH masses via the MR H-Sersic in- 
dex relation ( Graham fc Driver! 120071 ). Thus, we 



have 65 nuclear BHs in our sample with a mass 
estimate, out of 86 candidate X-ray cores (Table 
4). 

The elliptical galaxies in our sample have larger 
inferred BH masses (Mbh ^ IO^Mq) and low X- 
ray luminosities (Lx ^ lO'^^ erg s~^), as expected. 
Late-type spirals also have low X-ray luminosities 
(Lx ^ 10^^ erg s~^) but the lowest BH masses 
(Mbh ~ 10^-10'^ M0). The most luminous nu- 
clear BHs in the local universe (Lx ^ 10'*^-10*^ 
erg s~^) are found in early-type spirals (Figure 
10, top panel). X-ray nuclei of barred galaxies are 
less luminous than those of non-barred galaxies, 
for a given range of BH masses (Figure 10, middle 
panel) . This is partly due to the higher fraction of 
strongly-barred galaxies in late- type spirals, which 
tend to have weaker nuclear emission. Optically- 
classified Seyferts have the most luminous X-ray 
nuclei, as expected (Figure 10, bottom panel). 
There is only a very weak positive correlation 
(slope w 0.26 and correlation coefficient « 0.19) 
between BH mass and X-ray luminosity. If the 
X-ray luminosity scaled with t he Bondi accretion 
rate ( Hovle fc Lvttleton 19391 ) onto the nuclear 



BH, we would expect Lx ^ -^bhP(°°)/'^s(oo), 
where p{oo) and Cg(oo) are the gas density and 
sound speed outside the accretion radius. The 
higher gas density in the nuclear region of spiral 
galaxies compensates for their lower BH masses. 
In contrast, the lower abundance of gas avail- 



^http: / /leda. univ-lyonl.fr 
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Fig. 10. — Top panel: relation between nuclear BH 
mass, X-ray luminosity and Hubble type of the 
host galaxy (elliptical, early-type spiral or late- 
type spiral). The nuclear X-ray luminosity ap- 
pears almost independent of BH mass. Middle 
panel: relation between nuclear BH mass, X-ray 
luminosity and bar morphology (for the purpose 
of this and following plots, SO galaxies have been 
included in the non-barred spiral class SA). Barred 
galaxies (SB) do not appear to have brighter X-ray 
nuclei. Bottom panel: relation between nuclear 
BH mass. X-ray luminosity and optical spectro- 
scopic nuclear class (S = Scyfcrt, L = LINER, T 
= transition object, H = Hll nucleus). 
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Fig. 11. — Left panel: relation between BH mass, 
Eddington ratio and Hubble type. Right panel: 
relation between BH mass, Eddington ratio and 
bar morphology. Here and in the following figure, 
for clarity of presentation, our plots do not include 
the two very discrepant datapoints of M 33 (very 
low mass nuclear BH) and NGC4945 (very high 
accretion rate and luminosity); see Table 4 for de- 
tails. 
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able for accretion in elliptical galaxies is offset by 
higher BH masses. Because the luminosity is al- 
most independent of BH mass, there is a nega- 
tive correlation (slope « —0.41 and correlation 
coefficient « —0.49) between BH masses and X- 
ray Eddington ratios rEdd = ics-s/^Edd (Fig- 
ure 11). In local-universe ellipticals, io.3-8 ~ 
10~^-10~*LEdd; in late-type spirals, ^0.3-8 ^ 
10~^-10~''LEdd- The only outlier is the late-type, 
barred (SBcd) Seyfert-2 galaxy NGC4945, per- 
haps the only "true" AGN in our sample (Lo.3-8 ~ 
2x 10^^ erg s~^ ~ Q.lLEdd)- This is also the galaxy 
with the hi ghest intrins i c absoprtion (A^h/ ^ 10^"* 



); see iDone et"al] (|2003h : lltoh et all (|2008h 



cm 

for detailed X-ray studies of this AGN. 

Estimating the mass accretion rate from the ob- 
served luminosities requires the assumption of a 
model for the radiative and total efficiency. In 
our local-universe sample, even the most lumi- 
nous nuclei (except for NGC4945) are likely to 
be in the low-radiative-efficiency regime, which is 
thought to set in for iboi ^ WL x 5. O.OlLEdd, b 



199 



1 



analogy with stellar-mass BHs (jEsin et al, 
|j ester 2005). We adopted the ADAF scenario, 
which includes contributions to the emitted flux 
from disk-blackbody (truncated outer disk), syn- 
chrotron, brernsstra-hlung and inverse-Compton 
(|Naravan et al.lll997l[l99i l. ADAF spectral mod- 
els scale with the BH mass and the dimension- 
less accretion parameter to = Lboi/ ('7^Edd) = 
Mc^/^Edd tx M/AfEdd, whcrc T] is the radiative 
efficiency (77 ^ 0.1 for efficient accretion Other 
physical information is included in three (dimen- 
sionless) parameters: the ratio of gas to magnetic 
pressure; the viscosity parameter; and the fraction 
of viscous heating that goes into the electrons. A 
useful table of band-limited X-ray luminosities for 
a grid of ADAF spectral models, as a function of 
BH mass and accretion parameter (with standard 
assumptions for the other three p arameters), was 
calculated bv lMerloni et all (|2003h . We used their 
grid values and interpolations to estimate rh of 
our sample nuclei, from their observed X-ray lu- 
minosities and indirectly-inferred BH masses. We 
obtain a range of accretion parameters rh ~ 10~^- 



°With this definition, the transition between ADAF and 
standard-disk accretion occurs at rh ~ 0.1, and m Ri 10 
for Lbol ~ ^Edd- The accretion parameter rh is sometimes 
alternatively defined in the literature as = O.lMc^/LBtjdi 
so that m 1 for Lbol ~ ^Edd- 



10~^, and we have plotted them as a function of 
BH mass, Hubble type and optical spectroscopic 
classification (Figure 12). 



4. DISCUSSION AND CONCLUSIONS 



nuclear activity 
< 15 Mpc), in 



of 



We studied the X-ray 
nearby galaxies (distance 
range of luminosities intermediate between low- 
luminosity AGN and "normal" non-active galax- 
ies. More specifically, we chose a complete sample 
of optic ally /IR-select e d Nor thern galaxies, as de- 
fined in ^Swartz et al.l ( 2008h ; most of the galaxies 
in this sample were observed by Chandra/ ACIS 
for a ULX survey. We then extended that sample 
with another ^ 70 galaxies (also at distances < 15 
Mpc) with publicly- available Chandra/ ACIS data; 
the extended sample contains 187 galaxies. The 
main results presented in this paper are: 

1. We made a census of weakly active nuclei in 
the local neighbourhood, down to a completeness 
limit Lx ~ 2 X 10^^ erg s'^ in the 0.3-8 keV band. 
Eighty-six out of 187 galaxies have a point-like 
nuclear X-ray source, coincident (within 1") with 
the radio or infrared nuclear position. The pres- 
ence of an X-ray core depends strongly on Hub- 
ble type: w 60 per cent of early-type galaxies (E 
to Sb) contain an X-ray core, but only w 30 per 
cent of later- type galaxies. About 90 per cent of 
optically-classified Seyfert and LINERs have a nu- 
clear X-ray source with Lx ^ 2 x lO'^^ erg s""'^; this 
fraction drops to ~ 60 per cent for transition ob- 
jects, and « 30 per cent for Hll nuclei. The AGN 
demographics from our Chandra survey is consis- 
tent with the AGN demographics inferred from op- 
tical spectr oscopic st udies, for example the Palo- 
mar survey ( H0II2OO8I and references therein). Our 
Chandra survey suggests that point-like nuclear X- 
ray emission is a reliable indicator of BH activity 
in normal galaxies, especially in cases where op- 
tical signatures of BH accretion may be swamped 
by the surrounding stellar emission. 

2. Spiral and elliptical galaxies within 15 Mpc 
are detected with a continuous range of nuclear lu- 
minosities from ~ 10^^ erg to ~ lO**^ erg s~^. 
There is no gap between low-luminosity AGN and 
BH activity in normal galaxies. The cumulative 
luminosity distribution can be fitted by a power- 
law with a slope of w —0.5. Because of the rela- 
tively small number of galaxies in our sample, we 
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Fig. 12. — Left panel: relation between BH mass, accretion parameter m and Hubble type. W e estimated rh 
from t he emitted luminosities, assuming the accretion rate/efRciency relations interpolated bv lMerloni et al. 
(l2003l) . flight panel: relation between BH mass, accretion parameter m and optical spectroscopic nuclear 
class (S = Seyfert, L = LINER, T = transition object, H — Hll nucleus). 



cannot yet accurately determine whether the lu- 
minosity distribution of those faint nuclei matches 
the slope and normalization of the luminosity dis- 
tribution of fully-fledged AGN (ix lO''^ erg 
s~^). However, we are currently studying a larger 
Chandra sample of galaxies (within 40 Mpc) and 
we will address this issue in a follow-up paper. 

3. For each individual X-ray core with luminosi- 
ties ^ lO'^^-lO^^ erg s~^, it is always very difficult 
to distinguish between a nuclear BH and an unre- 
lated, luminous X-ray binary in the nuclear region. 
However, on a statistical basis, we have discussed 
various reasons why we think that the majority 
of detected sources are nuclear BHs rather than 
X-ray binaries (Section 3.1). Most of the X-ray 
sources are exactly coincident with the nuclear po- 
sition, and there are much fewer sources in the 
annulus between 1" and 5" from the radio/optical 
nucleus. Besides, the luminosity distribution has 
no hint of a break at Lx ~ lO""^ erg s~^, as we 
would expect from a population of high-mass X- 
ray binaries. The ratio between nuclear Ha lu- 
minosity (when available, from the Palomar sur- 
vey) and X-ray luminosity is more typical of low- 
luminosity AGN than of star-forming regions with 
young X-ray binaries. 

4. We fitted the spectra of each source, as- 
suming absorbed power-law models with two free 



parameters: the photon index and the intrin- 
sic absorption. The photon index is consistent 
with the expected value for AGN (F « 1.5-2). 
The intrinsic column density Nn is positively 
correlated with the emitted X-ray luminosity: 
among the population of fainter nuclear BHs, very 
few or none can be classified as Type-2 (highly 
obscured). This is the opposite of the trend 
kno wn for luminous AGN, with Lx > 10^^ erg 
s"^ (|Hasingeij [200i iGiin et "all 120071: lUeda et al 



20031 ). It is still not clear what produces the ab- 



sorption (a geometrically-thick parsec-scale torus? 
An optically-thick disk wind?), and hence we can- 
not determine from the data available what causes 
the fraction of obscured sources to be highest for 
sources with Lx ~ lO^^-lO^'^ erg s~^, and to 
decrease at both lower and higher nuclear BH lu- 
minosities. At high luminosities, it was suggested 
that the thick torus gets progressively evaporated 
or abla ted by the rad i ation flux from th e central 
object (|Hasingeill2008l : iMenci et al.ll2008l) . On the 
other hand. X-ray faint nuclei have less gas avail- 
able for accretion. They may not be surrounded 
by a torus at all; or the torus may collapse and 
become geometrically thin, so that only galax- 
ies seen perfectly edge-on would be classified as 
Type-2; or, instead, the dramatic decrease in ab- 
sorption may be caused by the suppression of the 
optically-thick disk wind. Alternatively, it was 
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suggested ( Hopkins et al. 20091 ) that a large frac- 
tion of sources with Lx ~ lO^'^-lO"''' erg s~^ have 
been erroneously classified as obscured, because of 
optical dilution effects, and because of the transi- 
tion from a standard-disk accretion geometry to 
a radiatively-inefhcient flow. Both effects would 
make those sources less prominent or invisible 
in the UV/optical band, and slightly harder in 
the X-ray band, thus making them appear "ob- 
scured" even though they are not. Based on those 
arguments, it was proposed that the fraction of 
truly obscured sources can be as low as 20 per 
cent, independent of luminosity (jHopkins et al 



20091). However , an op posite result was obtained 



by iReves et al.l ()2008l ). based on an optically- 



selected sample of quasars from the Sloan Digital 
Sky Survey; they find that at least half of the 
quasars in the nearby Universe (z < 0.8) are truly 
obscured, particularly in the high-luminosity pop- 
ulation. In our sample of sources, the absorbing 
column densities are estimated directly from the 
fitted X-ray spectra, and do not rely on hardness 
ratios or optical/X-r ay flux ratios, thus r educing 
the bias discussed bv lHopkins et al.l ( 2009h . Thus, 
we suggest that the high fraction (10 out of 15) 
of obscured sources at X-ray luminosities > 10**° 
erg s~^ (0.3-8 keV band) may be really due to a 
higher density of absorbing gas or dust around the 
nuclear BH (whatever its geometry) in that mod- 
erate luminosity range. The fraction of obscured 
nuclei seems to depend more directly on lumi- 
nosity rather than Hubble type. In our sample, 
slightly more nuclei detected in early-type spirals 
seem to be obscured (A^h > 10^^ cm~^), com- 
pared with the obscured fractions in ellipticals 
and late- type spirals; however, we do not have 
enough galaxies to draw strong conclusions. We 
are planning further work with a larger sample of 
galaxies to address this issue. 

5. Having argued that the apparent luminosity 
dependence of the obscured fraction of nuclei is 
truly due to changes in the column density of the 
absorbing medium, we can still look for a causal 
link between such changes and the disappearance 
of the standard disk at low accretion rates (or 
other transitions in the geometry of the accretion 
flow). For example, the disk may disappear when 
it is no longer fed by a large torus; or, vice versa, 
optically-thick winds may be suppressed when the 
standard disk turns into an optically-thin ADAF. 



It was already noted (jHd 120081 ) that the decrease 
or suppression of the intrinsic absorption at low lu- 
minosities often coincides with the disappearance 
of optical signatures of a standard accretion disk. 
If the apparent or real changes in the obscuration 
fraction are due to a sharp standard-disk/ ADAF 
transition at m 0.1, we should not expect a 
trend in our sample, because all but one of our 
sources are almost certainly below this threshold, 
in the radiatively-inefRcient regime. Instead, we 
see changes in the fraction of obscured sources over 



the X-ray luminosity range ~ lO'^^-lO''^ erg s" 
and m ~ 10~'*-10~^. This suggests a more grad- 
ual evolution in the amount of absorbing material 
below the radiatively-inefficient threshold; or per- 
haps a more gradual disappearance of the outer ac- 
cretion disk at lo w accretion rates. It was also re- 
cently suggested (|Zhu et al.1120081 : IWang fc Zha^ 
120071 ) that a dusty torus (produced during ma- 
jor galaxy mergers, or via secular evolution pro- 
cesses) can provide the main source of fuel in a self- 
regulated way: when it is completely evaporated 
by the radiation from the central source, the AGN 
phase turns off and the supermassive BH becomes 
inactive; this scenario is among those consistent 
with our observational findings. 

6. We confirm that there is no positive corre- 
lation between the presence of a bar and the X- 
ray luminosity of the nucleus. Large-scale bars 
are highly effective in delivering gas to the central 
few hundred parsecs of a spiral galaxy and there- 
fore enhance the probability and rate of star for- 
mation in the nuclear region (HcUcr & Shlosnia3 
19941 ) . H owever, it was observed from optical/IR 



surv eys ('Ho et al.' 'l997d'; iHunt fc MalkanI Il999l : 
iLaur ikaincn et al., 200 4) that the presence of a bar 
seems to have no impact on either the frequency 
or strength of AGN activity — with the possible ex- 
ception of Narrow-Line Seyfert 1 galaxies, which 
may be preferentially associated with barred spi- 



rals (jOhta et al.l 120071 ). In fact, our results sug- 



gest a negative correlation, with strongly barred 
galaxies having a less active nuclear BH than non- 
barred/weakly barred galaxies, for a given range 
of BH masses and Hubble types (we do not have 
Narrow-Line Seyfert Is in our sample). This 
preliminary but intriguing result will have to be 
tested more strongly on our larger Chandra sam- 
ple we are currently studying. If confirmed, it may 
suggest that there is less gas reaching the super- 
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massive BH when there is circumnuclear star for- 
mation (i.e., in most strongly-barred galaxies). In 
this scenario, galaxies may cycle through phases 
of dominant nuclear star formation (when a bar 
is present) and phases dominated by nuclear BH 
accretion. One possible explanation could be that 
nuclear star formation in spiral galaxies actively 
disfavours gas inflows towards the nuclear BH — 
most of the gas not used for star formation may 
be blown away by supernova-powered outflows. In 
addition, there may be a mismatch between the 
characteristic timescales of bar formation and dis- 
ruptio n (« a few 10^ yrs: Combes fc ElmegreenI 
(|l993)), and the longer tir nescales of nu clear BH 
accretion. In this scenario ([Hunt fc Malka n 1999), 
bars and associated nuclear star formation would 
appear first, and nuclear activity later, after the 
bar-driven star formation has subsided. 

7. There is an anticorrelation between the BH 
mass and the Eddington ratio: elliptical galaxies 
in the local universe have higher BH masses but 
much lower accretion parameters, corresponding 
to X-ray luminosities ^ 10~^LEdd. When late- 
type spirals have an X-ray nuclear source, their 
luminosities are ^ 10~^LEdd, because they have 
a larger supply of gas. In any case, all classes of 
nuclear sources in our sample are expected to be 
in the radiatively-inefHcient regime, dominated ei- 
ther by energy advection (e.g., ADAF) or by non- 
radiative output channels (jets). We are planning 
further work to determine the radio core luminos- 
ity of the nuclear X-ray sources detected in our 
sample. 
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Table 1 

Galactic properties and X-ray core morphology 



Galaxy 


Distance^ 


Morphol. 


Class'' 


X-Ray Core° 


Exp. Time'' 


Counts'' 


Galactic Nh^ 


Sample^ 




(Mpc) 


Type 






(ks) 




(cm-2) 




ICIO 


0.7[T88] 


IBm 


H 


IV 


117.1 


< 3 


5.3E+21 


S 


IC239 


14.2[T88] 


SAB(rs)cd 


L2:: 


IV 


4.5 


< 3 


5.3E+20 


S 


IC342 


3.9[T88] 


SAB(rs)cd 


H 


I 


57.8 


585 


3.0E+21 


s 


IC396 


14.4[T88] 


S 




I 


4.9 


24 


l.lE+21 


s 


IC1473 


11.5[T88] 


SO 




IV 


3.3 


< 3 


6.0E+20 


s 


IC1613 


0.7[T88] 


IB(s)m 




IV 


49.9 


< 3 


3.0E+20 


s 


IC1727 


6.4[T88] 


SB(s)m 


T2/L2 


IV 


3.9 


< 3 


7.2E+20 




IC5332 


8.4[T88] 


SA(s)d 




IV 


107.9 


< 5 


1.4E+20 




IC2574 


2.7[T88] 


SAB(s)m 


H 


IV 


10.1 


< 3 


2.4E+20 


s 


IC3521 


8.2[T88] 


SBm 




IV 


1.9 


< 3 


1.5E+20 


s 


IC3647 


8.5[NED] 


Im 




IV 


5.1 


< 3 


2.0E+20 




IC3773 


14.5[NED] 


E 




IV 


5.3 


< 3 


1.7E+20 




NGC14 


12.8[T88] 


IB(s)m 




IV 


4.0 


< 3 


4.1E+20 


s 


NGC45 


8.1[T92] 


SA(s)dm 




I 


65.9 


17 


2.2E+20 




NGC55 


1.5 [MM] 


SB(s)m 




IV 


69.8 


< 4 


1.7E+20 




NGC205 (MHO) 


0.7[T88] 


E5 




IV 


10.0 


< 5 


9.0E+20 


s 


NGC253 


3.0[T92] 


SAB(s)c 


T 


II 


14.1 


580 


1.4E+20 




NGC278 


11.8[T88] 


SAB(rs)b 


H 


III 


76.4 


< 12 


1.3E+21 


s 


NGC404 


2.4[T88] 


SA(s)0- 


L2 


I 


25.9 


160 


5.3E+20 


s 


NGC598 (M33) 


0.7[T88] 


SA(s)cd 


H 


II 


93.9 


140000 


5.6E+20 


s 


NGC625 


3.9[T88] 


SB(s)m 


H 


IV 


61.1 


< 4 


2.2E+20 




NGC628 (M74) 


9.7[T88] 


SA(s)c 




I 


46.4 


97 


4.8E+20 


s 


NGC660 


12.8[T88] 


SB(s)a 


T2/H: 


III 


5.0 


< 8 


4.9E+20 


s 


NGC672 


7.5[T88] 


SB(s)cd 


H 


IV 


2.1 


< 3 


7.2E+20 


s 


NGC855 


8.2[T88] 


E 




IV 


1.7 


< 3 


6.4E+20 


s 


NGC891 


9.6[T88] 


SA(s)b 


H 


I 


50.8 


7 


7.6E+20 


s 


NGC925 


9.4[T88] 


SAB(s)d 


H 


I 


2.2 


13 


6.3E+20 


s 


NGC949 


10.3[T88] 


SA(rs)b 




IV 


2.7 


< 3 


5.1E+20 


s 


NGC959 


10.1[T88] 


Sdm 


H 


IV 


2.2 


< 3 


5.7E+20 


s 


NGC1003 


10.7[T88] 


SA(s)cd 




IV 


2.7 


< 3 


7.9E+20 


s 


NGC1012 


14.4[T88] 


so/a 




I 


5.1 


24 


9.0E+20 


s 


NGC1023 


11.4[SBF] 


SB(rs)0- 




I 


10.3 


63 


7.2E+20 




NGC1023A 


9.9[NED] 


IB 




IV 


10.3 


< 3 


7.2E+20 




NGC1023D 


9.3[NED] 


dwarf 




IV 


10.3 


< 3 


7.0E+20 




NGC1036 


11.2[T88] 


peculiar 




IV 


3.1 


< 4 


8.7E+20 


s 


NGC1055 


12.6[T88] 


SBb 


T2/L2:: 


IV 


5.0 


< 3 


3.4E+20 


s 


NGC1058 


9.1[T88] 


SA(rs)c 


82 


I 


2.4 


3 


6.7E+20 


s 


NGC1068 (M77) 


14.4[T88] 


SA(rs)b 


S1.8 


II 


12.8 


25000 


3.5E+20 


s 


NGC1156 


6.4[T88] 


IB(s)m 


H 


IV 


1.9 


< 3 


l.lE+21 


s 


NGC1291 


8.6[T88] 


SB(s)0/a 




II 


60.4 


1228 


2.1E+20 




NGC1313 


3.7[T88] 


SB(s)d 


H 


IV 


49.9 


< 5 


3.9E+20 




NGC1396 


10.8[NED] 


SABO- 




IV 


3.6 


< 3 


1.4E+20 




NGC1493 


11.3[T88] 


SB(r)cd 




I 


10.1 


47 


1.4E+20 




NGC1507 


10.6[T88] 


SB(s)m 




IV 


2.8 


< 5 


l.OE+21 


s 


NGC1569 


1.6[T88] 


IBm 


H 


III 


96.8 


< 11 


2.2E+21 


s 


NGC1637 


8.9[T88] 


SAB(rs)c 




I 


168.1 


450 


4.4E+20 




NGC1672 


14.5[T88] 


SB(s)b 


S2 


II 


40.1 


30 


2.3E+20 




NGC1705 


6.0[T88] 


SAO- 


H 


IV 


57.6 


< 6 


4.2E+20 




NGC1800 


7.4[T88] 


IB(s)m 


H 


IV 


46.7 


< 6 


1.6E+20 




NGC1808 


10.8[T88] 


SAB(s)a 


S2 


II 


43.4 


550 


2.7E+20 




NGC2337 


8.2[T88] 


IBm 




IV 


1.9 


< 3 


8.4E+20 


s 


NGC2403 


4.2[T88] 


SAB(s)cd 


H 


IV 


36.0 


< 5 


4.1E+20 


s 


NGC2500 


10.1[T88] 


SB(rs)d 


H 


I 


2.6 


7 


4.7E+20 


s 


NGC2541 


10.6[T88] 


SA(s)cd 


T2/H: 


IV 


1.9 


< 3 


4.6E+20 


s 


NGC2552 


10.0[T88] 


SA(s)m 




IV 


7.9 


< 3 


4.4E+20 




NGC2681 


13.3[T88] 


SAB(rs)0/a 


LI. 9 


I 


80.9 


635 


2.5E+20 


s 


NGC2683 


5.7[T88] 


SA(rs)b 


L2/S2 


I 


1.7 


15 


3.0E+20 


s 


NGC2787 


13.0[T88] 


SB(r)0+ 


LI. 9 


I 


30.9 


480 


4.3E+20 


s 
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Table 1 — Continued 



Galaxy 


Distance^ 


Morphol. 


Class'' 


X-Ray Core'= 


Exp. Time'' 


Counts" 


Galactic Nh^ 


Sample 




(Mpc) 


Type 






(ks) 








NGC2841 


12.0[T88] 


SA(r)b 


L2 


11 


28.2 


128 


1.5E+20 


S 


NGC3031 (M81) 


3.6[T88] 


SA(s)ab 


SI. 5 


II 


49.9 


2000 


4.2E+20 


S 


NGC3034 (M82) 


5.2[T88] 


10 


H 


111 


33.6 


< 80 


4.0E+20 


S 


NGC3077 


2.1[T88] 


10 


H 


I 


54.1 


254 


3.9E+20 


s 


NGC3115 


9.7[SBF] 


so- 




11 


37.4 


137 


4.3E+20 




NGC3125 


11.5[NED] 


E 




11 


57.6 


17 


5.7E+20 




NGC3184 


8.7[T88] 


SAB(rs)cd 


H 


I 


65 


28 


l.lE+20 


s 


NGC3239 


8.1[T88] 


IB(s)m 




IV 


1.9 


< 3 


2.7E+20 


s 


NGC3274 


5.9[T88] 


SABd 




IV 


1.7 


< 5 


1.9E+20 


s 


NGC3344 


6.1[T88] 


SAB(r)bc 


H 


I 


1.7 


7 


2.2E+20 


s 


NGC3351 (M95) 


8.1[T88] 


SB(r)b 


H 


111 


40.0 


< 28 


2.9E+20 


s 


NGC3368 (M96) 


8.1[T88] 


SAB(rs)ab 


L2 


II 


1.9 


6 


2.8E+20 


s 


NGC3377 


11.2[SBF] 


E5 




I 


40.1 


110 


2.9E+20 




NGC3379 (M105) 


10.6[SBF] 


El 


L2/T2:: 


II 


341.1 


858 


2.8E+20 




NGC3384 


11.6[SBF] 


SB(s)0- 




11 


10.0 


29 


2.7E+20 




NGC3412 


11.3[SBF] 


SB(s)Oo 




I 


10.0 


3 


2.6E+20 




NGC3413 


8.8[T88] 


SO 




IV 


1.7 


< 3 


2.0E+20 


s 


NGC3432 


7.8[T88] 


SB(s)m 


H 


IV 


1.9 


< 3 


1.8E+20 


s 


NGC3486 


7.4[T88] 


SAB(r)c 


S2 


IV 


1.7 


< 6 


1.9E+20 


s 


NGC3489 


12.1[SBF] 


SAB(rs)0+ 


T2/S2 


I 


1.7 


11 


1.9E+20 




NGC3495 


12.8[T88] 


Sd 


H: 


IV 


4.1 


< 3 


4.2E+20 


s 


NGC3507 


11.8[T92] 


SB(s)b 


L2 


I 


39.7 


288 


1.6E+20 




NGC3521 


7.2[T88] 


SAB(rs)bc 


H/L2:: 


II 


10.0 


24 


4.1E+20 


s 


NGC3556 (M108) 


14.1[T88] 


SB(s)cd 


H 


11 


60.1 


6 


7.9E+19 


s 


NGC3593 


5.5[T88] 


SA(s)0/a 


H 


1 


1.9 


4 


1.8E+20 


s 


NGC3600 


10.5[T88] 


Sa 


H 


IV 


2.6 


< 3 


1.9E+20 


s 


NGC3623 (M65) 


7.3[T88] 


SAB(rs)a 


L2: 


1 


1.7 


8 


2.2E+20 


s 


NGC3627 (M66) 


6.6[T88] 


SAB(s)b 


T2/S2 


1 


1.7 


9 


2.4E+20 


s 


NGC3628 


7.7[T88] 


Sb 


T2 


111 


58.7 


< 25 


2.2E+20 


s 


NGC3675 


12.8[T88] 


SA(s)b 


T2 


IV 


1.7 


< 5 


2.2E+20 


s 


NGC3985 


8.3[T88] 


SB(s)m 




IV 


1.7 


< 5 


2.1E+20 


s 


NGC3998 


14.1[SBF] 


SA(r)Oo 


LI. 9 


1 


15.0 


19000 


1.2E+20 




NGC4020 


8.0[T88] 


SBd 




IV 


1.7 


< 3 


1.6E+20 


s 


NGC4026 


13.6[SBF] 


SO 




1 


15.1 


24 


2.0E+20 




NGC4062 


9.7[T88] 


SA(s)c 


H 


IV 


2.2 


< 3 


1.6E+20 


s 


NGC4096 


8.8[T88] 


SAB(rs)c 


H 


IV 


1.7 


< 3 


1.7E+20 


s 


NGC4111 


15.0[SBF] 


SA(r)0+ 


L2 


11 


15.1 


269 


1.4E+20 




NGC4136 


9.7[T88] 


SAB(r)c 


H 


I 


18.5 


18 


1.6E+20 


s 


NGC4138 


13.8[SBF] 


SA(r)0+ 


S1.9 


I 


6.1 


817 


1.4E+20 




NGC4150 


9.7[T88] 


SA(r)0o 


T2 


IV 


1.7 


< 5 


1.6E+20 


s 


NGC4203 


9.7[T88] 


SABO- 


LI. 9 


I 


1.7 


310 


1.2E+20 


s 


NGC4204 


7.9[T88] 


SB(s)dm 




IV 


2.0 


< 3 


2.4E+20 


s 


NGC4207 


8.3[T88] 


Scd 




IV 


1.7 


< 5 


1.8E+20 


s 


NGC4214 


3.5[T88] 


IAB(s)m 


H 


IV 


29.0 


< 5 


1.5E+20 


s 


NGC4244 


3.1[T88] 


SA(s)cd 


H 


IV 


49.8 


< 5 


1.7E+20 


s 


NGC4245 


9.7[T88] 


SB(r)0/a 


H 


IV 


7.1 


< 3 


1.7E+20 


s 


NGC4258 (M106) 


9.6[T88] 


SAB(s)bc 


S1.9 


II 


21.2 


3000 


1.2E+20 


s 


NGC4274 


9.7[T88] 


SB(r)ab 


H 


IV 


1.9 


< 3 


1.8E+20 


s 


NGC4286 


8.6[NED] 


SA(r)0/a 




IV 


37.9 


< 5 


1.8E+20 




NGC4309 


11.9[T88] 


SAB(r)0+ 




IV 


3.3 


< 5 


1.6E+20 


s 


NGC4310 


9.7[T88] 


SAB(r)0+ 




IV 


2.4 


< 3 


1.8E+20 


s 


NGC4312 


2.1[T88] 


SA(rs)ab 




IV 


1.9 


< 3 


2.5E+20 


s 


NGC4314 


9.7[T88] 


SB(rs)a 


L2 


11 


16.1 


17 


1.8E+20 


s 


NGC4321 (MlOO) 


14.1[KP] 


SAB(s)bc 


T2 


II 


38.3 


68 


2.4E+20 




NGC4341 


12.5[NED] 


SAB(s)Oo 




IV 


38.7 


< 3 


1.6E+20 




NGC4342 


10.0[NED] 


SO- 




I 


38.7 


171 


1.6E+20 




NGC4343 


13.9[T88] 


SA(rs)b 




I 


4.7 


4 


1.6E+20 


s 


NGC4370 


10.7[T88] 


Sa 




IV 


40.9 


< 5 


1.6E+20 


s 
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Table 1 — Continued 



Galaxy 


Distance* 


Morphol. 
lype 


Class'' 


X-Ray Core'^ 


Exp. Time'* 


Counts'' 


Galactic ATjj^ 


Sample^ 


NGC4395 


3.6[T88] 


SA(s)m 


S1.8 


I 


72.9 


8000 


1.4E+20 


s 


NGC4414 


9.7[T88] 


SA(rs)c 


T2: 


I 


1.7 


8 


1.4E+20 


s 


NGC4419 


13.5[SBF] 


SB(s)a 


T2 


I 


5.1 


40 


2.7E+20 




NGC4448 


9.7[T88] 


SB(r)ab 


H 


IV 


2.0 


< 5 


1.8E+20 


s 


NGC4449 


3.0[T88] 


IBm 


H 


IV 


26.9 


< 9 


1.4E+20 


s 


NGC4471 


10.8[NED] 


E 


S2:: 


IV 


40.0 


< 6 


1.7E+20 




NGC4485 


9.3[T88] 


IB(s)m 


H 


IV 


98.7 


< 3 


1.8E+20 




NGC4490 


7.8[T88] 


SB(s)d 


H 


IV 


19.5 


< 5 


1.8E+20 


s 


NGC4491 


6.8[T88] 


SB(s)a 




IV 


2.1 


< 5 


2.3E+20 


s 


NGC4509 


12.8[T88] 


Sab 


H 


IV 


3.9 


< 3 


1.5E+20 


s 


NGC4527 


13.5[T88] 


SAB(s)bc 


T2 


II 


4.9 


17 


1.9E+20 




NGC4548 (M91) 


15.0[KP] 


SB(rs)b 


L2 


I 


3.0 


27 


2.4E+20 




NGC4559 


9.7[T88] 


SAB(rs)cd 


H 


I 


11.9 


60 


1.5E+20 


s 


NGC4561 


12.3[T88] 


SB(rs)dm 




I 


3.5 


92 


2.1E+20 


s 


NGC4564 


15.0[SBF] 


E 




II 


18.3 


33 


2.4E+20 




NGC4565 


9.7[T88] 


SA(s)b 


S1.9 


I 


59.2 


2100 


1.3E+20 


s 


NGC4592 


9.6[T88] 


SA(s)dm 




IV 


2.1 


< 3 


1.8E+20 


s 


NGC4594 (M104) 


9.8[SBF] 


SA(s)a 


L2 


II 


18.7 


2700 


3.8E+20 




NGC4618 


7.3[T88] 


SB(rs)m 


H 


IV 


9.4 


< 3 


1.9E+20 


s 


NGC4625 


8.2[T88] 


SAB(rs)m 




IV 


1.7 


< 5 


1.5E+20 


s 


NGC4627 


7.4[T88] 


E4 




IV 


59.9 


< 6 


1.3E+20 


s 


NGC4631 


6.9[T88] 


SB(s)d 


H 


IV 


59.9 


< 5 


1.3E+20 


s 


NGC4636 


14.7[SBF] 


EO 


LI. 9 


II 


210.0 


202 


1.8E+20 




NGC4670 


11.0[T88] 


SB(s)d 




I 


2.6 


12 


l.lE+20 


s 


NGC4697 


11.8[SBF] 


E6 




II 


39.7 


120 


2.1E+20 




NGC4713 


10.9[T92] 


SAB(rs)d 


T2 


I 


4.9 


10 


2.0E+20 




NGC4725 


12.4[T88] 


SAB(r)ab 


S2: 


I 


2.4 


196 


l.OE+20 


s 


NGC4736 (M94) 


4.3[T88] 


SA(r)ab 


L2 


II 


47.3 


90 


1.4E+20 


s 


NGC4826 (M64) 


4.1[T88] 


SA(rs)ab 


T2 


III 


1.8 


< 9 


2.6E+20 


s 


NGC4945 


5.2[T88] 


SB(s)cd 


S2 


II 


49.7 


1000 


1.6E+21 




NGC5055 (M63) 


7.2[T88] 


SA(rs)bc 


T2 


II 


28.3 


200 


1.3E+20 


s 


NGC5068 


6.7[T88] 


SAB(rs)cd 




IV 


28.3 


< 3 


7.8E+20 




NGC5102 


4.0[SBF] 


SAO- 


H 


I 


34.6 


14 


4.3E+20 




NGC5128 (Con A) 


4.2[SBF] 


SO 


S2 


II 


99.5 


134000 


8.6E+20 




NGC5194 (M51a) 


7.7[T88] 


SA(s)bc 


S2 


II 


14.9 


200 


1.6E+20 


s 


NGC5195 (M51b) 


7.7[T88] 


10 


L2: 


II 


41.7 


522 


1.6E+20 


s 


NGC5204 


4.8[T88] 


SA(s)m 


H 


IV 


48.9 


< 4 


1.4E+20 


s 


NGC5236 (M83) 


4.7[T88] 


SAB(s)c 




II 


49.5 


690 


3.8E+20 




NGC5253 


3.2[KP] 


peculiar 


H 


II 


57.3 


70 


3.9E+20 




NGC5457 (MlOl) 


5.4[T88] 


SAB(rs)cd 


H 


I 


98.2 


310 


1.2E+20 


s 


NGC5474 


6.0[T88] 


SA(s)cd 


H 


IV 


1.7 


< 3 


1.2E+20 


s 


NGC5585 


7.0[T88] 


SAB(s)d 


H 


IV 


5.3 


< 5 


1.4E+20 


s 


NGC5879 


12.3[T92] 


SA(rs)bc 


T2/L2 


I 


90.1 


159 


1.5E+20 




NGC5949 


11.2[T88] 


SA(r)bc 




IV 


3.0 


< 3 


2.0E+20 


s 


NGC6503 


6.1[T88] 


SA(s)cd 


T2/S2: 


I 


13.2 


15 


4.1E+20 


s 


NGC6690 


12.2[T88] 


Sd 




IV 


3.5 


< 3 


5.9E+20 


s 


NGC6822 


0.5[MM] 


IB(s)m 




IV 


28.4 


< 3 


9.5E+20 




NGC6946 


5.5[T88] 


SAB(rs)cd 


H 


II 


58.3 


159 


2.1E+21 


s 


NGC7013 


14.2[T88] 


SA(r)Oa 


L 


I 


4.4 


49 


1.7E+21 


s 


NGC7090 


6.6[T92] 


SBc 




IV 


57.4 


< 5 


2.8E+20 




NGC7320 


13.8[T88i 


SA(s)d 


H 


I 


19.9 


13 


8.0E+20 


s 


NGC7331 


14.3[T88] 


SA(s)b 


T2 


II 


30.1 


78 


8.6E+20 


s 


NGC7424 


11.5[T88] 


SAB(rs)cd 




IV 


47.8 


< 6 


1.3E+20 




NGC7457 


13.2[SBF] 


SA(rs)0- 




I 


9.1 


10 


5.6E+20 




NGC7640 


8.6[T88] 


SB(s)c 


H 


IV 


1.9 


< 3 


l.OE+21 


s 


NGC7741 


12.3[T88] 


SB(s)cd 


H 


IV 


3.5 


< 3 


4.7E+20 


s 


NGC7793 


3.7[T92] 


SA(s)d 


H 


IV 


49.5 


< 6 


1.2E+20 




PGC3589 


0.08[MM] 


E 




IV 


6.1 


< 3 


2.0E+20 
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Galaxy 


Distance^ 
(Mpc) 


Morphol. 
Typo 


Class'' 


X-Ray Corc^ 


Exp. Time'' 
(ks) 


Counts^ 


Galactic A'^h* 
(cm-^) 


Sample^ 


PGC13449 


11.0[NED] 


SAB(s)Oo 




IV 


44.1 


< 5 


1.3E+20 




PGC13452 


12.0[NED] 


EO 




IV 


63.7 


< 5 


1.4E+20 




PGC16744 


9.1[NED] 


SBO 




IV 


46.7 


< 3 


1.6E+20 




PGC24175 


10.5[T88] 


10 




II 


20.0 


188 


9.8E+20 




PGC40512 


10.3[NED] 


E 




IV 


40.2 


< 3 


2.5E+20 




PGC46093 


5.2[NED] 


Im 




IV 


28.3 


< 3 


1.3E+20 




PGC50779 (Circinus) 


4.2[T88] 


SA(s)b 


S2 


II 


24.6 


6600 


5.6E+21 




UGC2126 


9.5[NED] 


SABdm 




IV 


2.7 


< 4 


7.8E+20 




UGC5336 (Ho IX) 


3.42 [KP] 


Im 




IV 


5.1 


< 3 


4.1E+20 




UGC6456 


1.4[T88] 


poculiar 




IV 


10.6 


< 3 


3.8E+20 




UGC7636 


3.7[NED] 


Im 




IV 


10.4 


< 3 


1.7E+20 




UGC8041 


14.2[T88] 


SB(s)d 




IV 


4.7 


< 3 


1.6E+20 


S 


UGC11466 


11.2[T88] 


Sab 




IV 


2.7 


< 5 


1.3E+21 


S 



^References for the distances are given in brackets, as follows: KP — Ke y Project I Freed man et al.|[200ll) : SBF ^ surface 
brightness fl uctuations JTonry et al.||200in : T92 ^ nearby galaxy flow model JTully et al.||1992|) : T88 ^ Nearby Galaxy Catalog 
l |Tully||1988() : NED — distances computed from recessional yelocities relative to the cosmic microwave background. 

^Optical classiflcation of the nuclear spectrum, from flTo et al.| jl997a[) and NED: H — Hii nucleus; S — Seyfcrt; L — LINER; T 
— transition object. The number attached to the class letter designates the type (1.0, 1.2, 1.5, 1.8, 1.9, and 2); quality ratings are 
given by ":" and "::" for uncertain and highly uncertain classifications, respectively. 

^X-ray classiflcation of the nuclear region, from our study: I — dominant point-like X-ray nucleus; II — point-like nuclear source 
embedded in diffuse emission; III — diffuse X-ray emission in the nuclear region without a point-like core; IV — no detectable X-ray 
emission at the nuclear position. Sec examples in Figure 1. 

^ Chandra/ ACIS exposure time for the datasets used in our analysis. 

^ Chandra/ ACIS X-ray counts or u pper limits for a p oint-like nuclear X-ray source; upper limits are at the 95% confldence level, 
estimated using a Bayesian method jKraft et al.|fT99lj) . 

^ine-of-sight column density, from fp'ickev & LockmanI || 19901) . 

®S denotes galaxies included in the optically/IR-sclcctcd sample (sec Section 2). 



Table 2 

Fraction of X-ray core detections for different classes of galaxies 



Sample 




Morphological Class 


Bar 


Structure Class'^ 




Spectroscopic Class'' 




E 


SO-Sb Sc-Sm Irr/pcc 


sa 


SAB SB 


S 


L T H 


Optical/IR 
Extended 


0/3 
6/14 


27/50 18/50 2/13 
51/80 25/68 4/25 


21/34 
30/48 


16/27 6/26 
24/41 16/42 


7/9 
14/16 


12/13 5/12 16/46 
19/20 12/20 18/54 



^SA: non-barred spirals; SAB: weakly barred spirals; SB: strongly barred spirals. 
'^S: Scyfcrts; L: LINERs; T: transition objects; H: Hii nuclei. 



Table 3 

Dependence of nuclear X-ray detections on the bar class 



Sample 


Early-type spirals (SO-Sb) 


Late-type spirals (Sc-Sm) 




SA SAB SB 


SA SAB SB 


Optical/IR 
Extended 


14/20 9/12 2/9 
22/30 13/19 10/18 


7/14 7/15 4/17 
8/18 11/22 6/24 
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Table 4 

Galactic nuclei with point-like X-ray emission 



Galaxy 






Model" 


\ I 


Mbh 


Method" 




log(m)® 


IC342 


0.37 


n fiQ 


ARP 


20 


0.25 


MS 


1.2E— 06 


-3.3 


IC396 


2.5 


n or + o.ei 

U.OO_j| 35 




47 










IN V_i '-t O 


021 


< 6 


ap 


47 










TS.T 1^ n r o 


2.0 


on+13 

20_g 




86 


0.94 


MS 


1.6E— 06 


—3.2 




0.031 


< 0.11 







0.06 


MS 


4.Urj — U / 


—3.8 


NGC598 (M33} 


0.8 


0-45Io.oi 


AP,[2] 


56 


< 1.5 X 10""^ 


S,[3] 


> 0.004 


> —1.4 




18 


< 06 


AP 


Q 


5 


BB [4] 


2 07 


—3 7 


NGC891 


0.0045 




p 


84 


0.23 


MS 


1.5E— 08 


—4.2 


NGC925 


0.59 


< 0.2 


AP 


54 










NGC1012 


165 


44+"' 

— 21 


AP 


61 










NGC1023 


0.73 


< 0.11 


AP 


72 


4.4 


S,[5] 


1.3E-07 


-3.9 


NGC1058 


0.055 




P 


16 


0.012 


MS 


3.4E-06 


-2.7 


NGC1068 (M77) 


300 


< 0.03 


[6] 


29 


1.50 


M,[7] 


1.6E-04 


-2.0 


NGC1291 


2.0 


2 0+"-^ 

-0.7 


AP,[8] 


28 


7.4 


MS 


2.1E-07 


-3.7 


NGC1493 


0.54 


0-03lS;o3 


AP 













NGC1637 


0.12 




[9] 


39 










NGC1672 


1.0 


10+?° 

— lU 


[10] 


37 










NGC1808 


12 


3.1+°? 

— 0.7 


[11] 


50 


4.1 


MS 


1.7E-06 


-3.2 


NGC2500 


0.35 




P 













NGC2681 


0.61 




ARP 





1.2 


MS 


4.0E-07 


-3.5 


NGC2683 


9.0 


13+?? 


AHP 


79 


1.5 


MS 


4.6E-06 


-2.9 


NGC2787 


3.2 


13+006 


AP 


52 


4.1 


G fl21 


6.0E— 07 


—3.4 


NGC2841 


0.89 


o-iitS'.io 


AP 


64 


6.3 


BB,[13] 


l.lE-07 


-3.9 


NGC3031 (M81) 


100 


09+° °' 

"■""-0.02 


AP fl41 


60 


6.8 


BB,[15] 


I.IE— 05 


—2.7 


JNGUoUTY 


0.060 


l-6_o.6 


AP 


43 










NGC3115 


0.28 


01+° °^ 


AP 


66 


92 


S,[16] 


2.4E-09 


-4.4 


NGC3125 


0.04 


< 0.8 


AP 












NGC3184 


0.02 




AP 


26 










NGC3344 


0.36 




P 


23 


0.16 


BB,[4] 


1.8E-06 


-3.1 


NGC3368 (M96) 


0.19 




P 


50 


3.2 


BB,[4] 


4.5E-08 


-4.1 


NGC3377 


0.39 


"■-^ ' -0.13 


AP 


54 


10 


S,[17,18j 


3.0E-08 


-4.1 


NGC3379 (M105) 


0.28 


U.U^_Q (j3 


AP 


25 


13.5 


S,[19] 


1.4E-08 


-4.2 


NGC3384 


0.55 


12+°-^^ 

"■^''-0.12 


AP 


65 


1.6 


S, [17,20] 


2.4E-07 


-3.7 


NGC3412 


0.044 




P 


59 


0.87 


MS 


4.0E-08 


-4.1 


NGC3489 


0.66 


< 0.5 


AP 


56 


1.0 


MS 


5.0E-07 


-3.5 


NGC3507 


0.22 


04+°- 


ARP 


37 


0.79 


MN 


2.2E-07 


-3.7 


NGC3521 


0.15 


(, ,0+0.30 
"J^-^-O-ll 


AP 


61 


0.26 


MN 


4.4E-07 


-3.5 


NGC3556 (M108) 


0.023 




P 


81 
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Table 4 — Continued 



Galaxy 


Z/Q.S — 8^ 

(10^'' ergs s-^) 


(10^^ cm-2) 


Moder 


n 


Mbh 
(10^ Mq) 


Method" 


f 

TEdd 


log(m)^ 


NGC3593 


0.21 




P 


69 


0.63 


BB,[4] 


2.6E-07 


-3.7 


NGC3623 (M65) 


0.22 




P 


81 


1.3 


BB,[4] 


1.4E-07 


-3.8 


NGC3627 (M66) 


0.912 




P 


65 


1.3 


BB,[4] 


5.6E-07 


-3.5 


NGC3998 


280 


< 0.01 


AP 


36 


60 


S,[21] 


3.6E-06 


-2.7 


NGC4026 


0.4 


0.20l°1J 


AP 


83 


21 


S,[22] 


1.5E-08 


-4.2 


NGC4111 


7.6 


5.711:^ 


ARP 


87 


4.0 


MS 


1.4E-06 


-3.2 


NGC4136 


0.15 


n o,+0.52 
"••^^-0.31 


AP 





0.04 


BB,[4] 


2.9E-06 


-3.0 


NGC4138 


200 


7 7+1.9 
' • ' —1.6 


AP 


58 


3.2 


MS 


4.9E-05 


-2.2 


NGC4203 


18 


1.4+J-2 


AHRP 


26 


5.8 


MS 


2.4E-06 


-3.1 


NGC4258 (M106) 


31 




AP 


71 


3.9 


M,[23] 


6.1E-06 


-2.7 


NGC4314 


0.068 


o.i9i«:f3 


AP 


15 


1.0 


BB,[4] 


5.2E-08 


-4.1 


NGC4321 (MlOO) 


0.15 


< 1.5 


ARP 


37 


0.45 


MS 


2.6E-07 


-3.7 


NGC4342 


0.48 




AP 


58 


33 


S,[13] 


l.lE-08 


-4.2 


NGC4343 


0.25 




P 












NGC4395 


5.2 




AHP 


38 


0.036 


R,[24] 


1.3E-04 


-2.0 


NGC4414 


0.21 




P 


50 


1.2 


MS 


1.4E-07 


-3.8 


NGC4419 


1.8 


< 0.5 


AP 


75 


0.8 


MS 


1.7E-06 


-3.2 


NGC4527 


0.78 


< 0.7 


AP 


68 


16.7 


MS 


3.6E-08 


-4.1 


NGC4548 (M91) 


8.4 




AP 


37 


3.6 


MS 


1.8E-06 


-3.1 


NGC4559 


1.2 


31+° *5 


AP 


69 










NGC4561 


4.3 


< 0.05 


AP 


25 










NGC4564 


0.48 


"■1^-0.14 


AP 


62 


5.6 


S, [17,20] 


6.4E-08 


-4.0 


NGC4565 


4.5 


90+0.02 


AP 


90 


2.9 


MS 


1.2E-06 


-3.2 


NGC4594 (M104) 


17 


n 10+0.03 


AP 


79 


100 


BB,[4] 


1.3E-07 


-3.8 


NGG4636 


0.21 


< 0.04 


[25] 


44 


7.9 


MS, [15] 


2.0E-08 


-4.2 


NGC4670 


0.79 


09+° *^ 
u.uy_Q Qg 


AP 


31 










NGC4697 


0.03 


< 0.06 


[26] 


44 


17 


S,[17,20] 


l.OE-09 


-4.6 


NGC4713 


0.18 




P 


53 










NGC4725 


0.54 


1 6+°" 

l-°-0.4 


AHBP 


43 


3.4 


MS 


1.2E-07 


-3.9 


NGC4736 (M94) 


1.0 


n 97+0.39 
-0.20 


AP, [27] 


33 


2.2 


MS 


3.5E-07 


-3.7 


NGC4945 


20000 




[28] 


90 


0.14 


M,[29] 


0.11 


~ 10 


NGC5055 (M63) 


0.34 


U.08_(, Jig 


AP 


55 


0.87 


MS 


3.0E-07 


-3.6 


NGC5102 


0.006 


< 1.5 


AP 


71 


3.0 


MS 


1.6E-09 


-4.5 


NGC5128 (Gen A) 


600 




AP,[30] 


43 


20 


G,[31] 


1.9E-05 


-2.5 


NGG5194 (M51a) 


200 




[32,33] 


64 


0.71 


MS 


2.2E-04 


-2.1 


NGC5195 (M51b) 


0.8 


o.iiiroi 


AP,[34] 


46 


3.9 


MS 


1.6E-07 


-3.9 


NGC5236 (M83) 


0.26 


10+°" 


AP,[35] 


24 


1.3 


S,[36] 


1.5E-07 


-3.8 


NGC5253 


0.1 


"■"-0-1 


[37] 


77 










NGC5457 (MlOl) 


0.1 


(, (,, + 0.08 


AP,[38] 





0.24 


MS 


3.2E-07 


-3.8 
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Table 4 — Continued 



Galaxy 


(10^^ ergs s-^) 


(10^^ cm"^) 


Modcr 


n 


AfBH 

(10^ Mo) 


Method" 


''Edd' 


log(m)^ 


NGC5879 


24 






ARP 


73 


0.25 


MS 


7.4E-06 


-2.9 


NGC6503 


0.086 






AP 


74 


0.037 


MS 


1.8E-06 


-3.1 


NGC6946 


0.1 





„g + 0.10 


AP 


42 


2.7 


MN 


2.9E-08 


-4.1 


NGC7013 


11.4 




D.O_2.6 


AHP 


76 


0.54 


MS 


1.6E-05 


-2.5 


NGC7320 


0.17 





,, + 0.71 
^^-0.22 


AP 


60 










NGC7331 


0.52 





gg + 0.21 


AP 


68 


3.0 


MS 


1.4E-07 


-3.8 


NGC7457 


0.18 






P 


56 


0.35 


S, [17,20] 


4.0E-07 


-3.5 


PGC24175 


0.87 





04+010 

^^-0.04 


AP 


32 










PGC50779 


20 





44+0.47 
^^-0.21 


[39] 


65 


0.17 


M,[40] 


9.1E-05 


-2.1 



'^'Emitted luminosity in the 0.3—8 kcV band, inferred from the best-fitting spectral model. 

^Intrinsic neutral-hydrogen column density, inferred from the best-fitting spectral model. For sources with < 10 net 
counts, such estimates are not meaningful, and no value is listed; the luminosity of those sources is estimated assuming 
Galactic line-of-sight absorption only. 

*^Our spectral models are coded as follows. P: power-law with Galactic absorption; AP: power-law with Galactic 
and intrinsic absorption; ARP: two-component model, with an absorbed optically-thin thermal plasma and an absorbed 
power-law component; AHP: power-law absorbed by both neutral hydrogen and an ionized absorber; AHRP: two- 
component model with an optically-thin thermal plasma component and a power-law component, absorbed by both 
neutral hydrogen and an ionized absorber. AHBP: two-component model with a disk-blackbody and a power-law 
component, absorbed by both neutral hydrogen and an ionized absorber. When a reference number is given, we used 
spectral-analysis results from the literature. 

■^Inclination angle of the host galaxy, from fde Vaucouleurs et al.| ( |199lD 

■^Methods used for estimating the nuclear BH masses (assuming that late-type galaxies contain BHs), as follows. 
S: stellar k inematics; G: gas kine matics; M: kinematics of water- maser clumps; R: reverberation mapping; MS: M— 
(7 relatio n CjTerashima et al.ll2002|'): MN: M-Sersic index relation IIGraham fc Driver|[2007i) : BB: BH mass— bulge mass 
relation I IDong fc De Robert! j|2006l) . 

^X-ray Eddington ratio, defined as L0.3 — s/^Edd. 

^Accretion parameter required for the in ferred X-ray luminos ity, assuming the radiatively-inefficicnt ADAF model; we 
used the grid of ADAF solutions plotted in lMerloni et all ( 1200311 . From our definition of rii ^ M / L^dd: the Eddington 
luminosity corresponds to m ~ 10. 

References. — [ 1]: [ Weaver et al.l II2002I) : [21: IPlucinskv et al.l 112003) : [31: IGebhardt et al.) 1120011): [4]: 

Don g &: De Robcrtiiif f200ff); [5]: 'Bower et al.' f2001); [6]: 'Young et al.' (2001): [7]: 'Grocnhill & Gwinn' f 19971); [8]: 
Irwin ct al. (2002); [9]: Immlcr et al. (2003); [10]: Jenkins et al. (2008): [11]: .Jimcnez-Bailon et al. (2005); [12]: 
Sarzi et a l. (2001); [13]: Crctton & van den Bosch (1999): [14]: Swartz ot al. (2003); [15]: Merritt & Ferrarcse (2001aO; 
1161: lEms ellem ot al. (1999); [17]: Gebhardt et al. (2003); [18]: Kormcndy et al. (1998); [19]: Gebhardt et al. (2000b); 
[201: IPin knev et al. |2003j); [21]: Bower et al. (2000); [22]: Gultckin ot al. (2009); [23]: Horrnstein ct al. (1999); 
[241: [Pete rson ct al. (2005j); [251: iPosson-Brown ct al. (2006); [26]: Wrobcl ct al. (2008): [27]: Pellegrini ct al. (2002); 
[28]: iDonc ct al. (2003); [29]: [Grc enhill ct al. (1997); [30]: Evans ct al. (2004); [31]: Thatte et al. (2000); [32]: 
ITerashima"&rW ilson (200l|); [33] : jFukazawa ct al. ( 20011) : [34]: Tcrashima & Wilson (2004); [35]: Soria & Wu ( 2003) : 
1361: IMarconi ct al. t 20oW: [37]: [Summers et al. 12001) : [38]: [Pence ct al.. (.2001,) : [39]: .Smith fc Wilson. (.2001.) : [40]: 
IGreenhill et al.l l l200:j) 
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